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Leaf senescence is a notably important trait that limits the yield and biomass accumula-
tion of agronomic crops. Therefore, determining the chromosomal position of the expression 
sequence tags (ESTs) that are associated with leaf senescence is notably interesting in the 
manipulation of leaf senescence for crop improvement. A total of 32 ESTs that were previ-
ously identified during the delaying leaf senescence stage in the stay-green wheat cultivar 
CN17 were mapped to 42 chromosomes, a chloroplast, a mitochondrion, and a ribosome 
using in silico mapping. Then, we developed 19 pairs of primers based on these sequences 
and used them to determine the polymorphisms between the stay-green cultivars (CN12, 
CN17, and CN18) and the control cultivar MY11. Among the 19 pairs of primers, 5 pairs 
produced polymorphisms between the stay-green cultivar and the non-stay-green control. 
Further studies of Chinese Spring nullisomic-tetrasomics show that JK738991 is mapped to 
3B, JK738983 is mapped to 5D, and JK738989 is mapped to 2A, 4A, and 3D. The other two 
ESTs, JK738994 and JK739003, were not assigned to a chromosome using the Chinese 
Spring nullisomic-tetrasomics, which indicates that these ESTs may be derived from rye 
DNA in the wide cross. In particular, the ESTs that produce polymorphisms are notably use-
ful in identifying the stay-green cultivar using molecular marker-assisted selection. The 
results also suggest that the in silico mapping data, even from a comparison genomic analy-
sis based on the homogeneous comparison, are useful at some points, but the data were not 
always reliable, which requires further investigation using experimental methods. 
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Introduction
Leaf senescence causes a number of cell deaths (Gan and Amasino 1995) in plants, which 
potentially reduces photosynthesis (Gut et al. 1987); therefore, premature leaf senescence 
negatively affects the yield stability of rice. During senescence, leaf cells experience dra-
matic changes in the expression of genes that are involved in photosynthesis, hydrolase 
activity, oxidoreduction, cellular processes, photorespiration, lipid transport, and biosyn-
thesis pathways (Buchanan-Wollaston et al. 2005; Luo et al. 2013); because of the ge-
netic variations, significant differences in the rate and degree of leaf senescence are ob-
served during the important growth stages (e.g., the grain-filling period) both among spe-
cies and within species (Thomas and Howarth 2000). Previous studies have reported 
stay-green phenotypes that result from delayed leaf senescence in many species, which 
includes several crop species such as wheat (Hortensteiner 2009; Luo et al. 2013). Stay-
green cultivars are divided into two principal categories: functional stay-green with pho-
tosynthetic activity and cosmetic stay-green without photosynthetic activity (Horten-
steiner 2009). 
Functional stay-green genotypes have potential significance in crop yield improve-
ment because a delay in the onset or progression of leaf senescence can produce more 
photosynthetic products from energy sources (e.g., photosynthetic tissues such as leaves) 
to energy sinks (e.g., developmental organs such as seeds) (Borras et al. 2004). Three 
wheat cultivars, CN12, CN17, and CN18, were developed from the progenies of a wheat-
rye wide cross and are sister lines with a wheat-rye 1BL/1RS translocation (Tang et al. 
2008). Many regions in southwest China grow these cultivars because of their high yield 
(Luo et al. 2009) and good resistance to diseases, including stripe rust (Luo et al. 2008) 
and powdery mildew (Ren et al. 2009). Previous studies have demonstrated that CN12, 
CN17, and CN18 are functional stay-green varieties that maintain high photosynthetic 
competence during the grain-filling stage (Luo et al. 2006) and are associated with a high 
yield (Luo et al. 2009). A complete understanding of the underlying molecular mecha-
nism and genetic basis, particularly which genes or chromosome regions are crucial in 
controlling these traits, is notably important for further use of the varieties in wheat yield 
improvement.
Further studies on the levels of chlorophylls a and b, soluble proteins, and unsaturated 
fatty acids and on the chloroplast ultrastructure, chloroplast number, and differences in 
gene expression have provided strong evidence to support that chloroplast ultrastructure 
regeneration is responsible for the functional stay-green trait of CN17 (Luo et al. 2013). 
In fact, plants have also evolved sophisticated response mechanisms to adapt to different 
developmental events during different growth stages and to reprogram gene expression at 
the transcriptional level (Smart 1994). Therefore, transcript profiling has been widely 
used to determine how plants transcriptionally respond to developmental events during 
leaf senescence (Luo et al. 2013). Much progress has been made in elucidating the com-
plex transcriptional regulation mechanism that is responsible for developmental adaption. 
In a recent study, 32 expression sequence tags (ESTs) were identified in CN17 during the 
delayed leaf senescence stage; these tags, which were up-regulated in stay-green CN17, 
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and showed high homology with known or annotated genes that are associated with se-
nescence-related processes in wheat, rice, barley, pea, and Arabidopsis. Among these 
ESTs, 31.3% were directly related to photosynthesis and leaf senescence processes, 
whereas the other ESTs were indirectly related to these processes (Luo et al. 2013). How-
ever, the greatest shortage of this study is the unknown chromosomal locations of the 
ESTs. Therefore, a large gap remains between the available information and the practice 
of wheat breeding using molecular marker-assisted selection (MAS). 
With the eventual objective of using the stay-green genotypes that were generated by 
MAS for wheat yield improvement, this study aims to examine the polymorphism of 
ESTs between stay-green and non-stay-green genotypes, determine the polymorphic 
ESTs’ chromosomal location using nullisomic-tetrasomic, determine whether the poly-
morphic makers are linked with the 1BL/1RS translocated chromosome, and identify 
some useful markers for wheat yield improvement by manipulating leaf senescence using 
MAS.
Materials and Methods
Plant materials
The stay-green wheat cultivars CN12, CN17, and CN18 and the non-stay-green wheat 
cultivar MY11 were used to determine the polymorphism of the ESTs. All 42 Chinese 
Spring nullisomic-tetrasomic lines were used to determine the chromosomal location of 
the polymorphic markers, which were kindly provided by Prof. D.C. Liu, Triticeae Re-
search Institute, Sichuan Agricultural University, Chengdu, Sichuan. In addition, the F2 
population consisted of 398 F2 individuals, which were genotyped using the correspond-
ing F2:3 lines that were derived from the cross MY11/CN17, where there were 91 1BL/1RS 
translocated chromosome homozygotes, 127 1B chromosome homozygotes, and 180 
1BL/1RS translocated chromosome and 1B chromosome heterozygotes.
In silico mapping of ESTs
The genomic locations of the wheat ESTs were determined in silico via BLASTN search-
es against the mapped expressed wheat sequences using Grain Genes 2.0 (http://wheat.
pw.usda.gov/GG2/blast.shtml) at a 10–5 threshold probability and via a BLASTX search 
against the wheat genome (www.wheatgenome.org). Sequences without a BLASTX hit 
or those that showed an e-value of less than 10–5 were excluded from the in silico map-
ping to the wheat genome and Brachypodium genome. A complete list of the genomic 
locations of the ESTs is provided in Table S1*. 
* Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Development of the EST-STS markers
In total, 32 EST sequences that were previously identified in CN17 during the delayed 
leaf senescence stage (Table S1) were used to develop the STS markers using Primer3 
(Rozen and Skaletsky 2000). Then, 19 pairs of EST-STS primers were designed because 
the other sequences of ESTs were too short to design, and the sequences of these primers 
are listed in Table S1. 
DNA extraction and PCR amplification analysis 
The 5-week-old seedling leaves of all materials were used to extract the total DNA using 
a previously reported method (Tai and Tanksley 1990). PCR amplification was performed 
in a PTC-200 thermocycler (MJ Research, Watertown, MA, USA). Each 25-μl PCR mix-
ture consisted of forward and reverse primers at concentrations of 200 nmol/L, 0.2 
mmol/L dNTPs, 1.5 mmol/L MgCl2, 1 unit of Taq polymerase and 60 ng of genomic 
DNA. PCR was performed using the following program: denaturation at 94 °C for 3 min, 
30 cycles of amplification (30 s at 94 °C, 30 s at 60 °C, and 30 s at 72 °C) and a final step 
at 72 °C for 10 min. Each PCR product was mixed with 3 μl of loading buffer (98% for-
mamide, 10 mM EDTA [pH 8.0], 0.25% bromophenol blue and 0.25 mg/ml xylene cy-
anol), denatured at 95 °C for 5 min, and quickly chilled on ice. Subsequently, a 6-μl ali-
quot of each sample was loaded onto a 6% polyacrylamide gel (19:1 acrylamide:bis-
acrylamide, 8 M urea and 1 × TBE [90 mM Tris-borate (pH 8.3), 2 mM EDTA]) and 
separated at 80 W for approximately 1.5 h. Visualization was achieved with silver stain-
ing (Bassam et al., 1991). 
 
 
Table 1. χ2 analysis of four polymorphic amplicons that were derived from two ESTs associated with leaf 
senescence
Genotype
JK738994 JK739003 A Band
0 1 χ2 P 0 1 χ2 P
1B:1B  31  95 0.01 0.92  92  35 0.44 0.51
1B:1B/1R  56 124 3.59 0.06 123  57 3.92 0.05
1B/1R:1B/1R  21  70 0.18 0.67  66  25 0.30 0.59
Total 108 289 1.03 0.31 281 117 4.10 0.04
Genotype
JK739003 B Band JK739003 C Band
0 1 χ2 P 0 1 χ2 P
1B:1B 32  95 0.00 0.96  35  92 0.44 0.51
1B:1B/1R 33 147 4.27 0.04  50 130 0.74 0.39
1B/1R:1B/1R 27  64 1.06 0.30  28  63 1.62 0,20
Total 92 306 0.75 0.39 113 285 2.44 0.12
Notes: 0 denotes the polymorphic amplicon that is identical to that of the non-stay-green genotype control MY11; 1 denotes 
the polymorphic amplicons that are identical to that of stay-green genotype CN17.
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Statistical analysis and linkage analysis 
Chi-squared tests were performed to determine the goodness-of-fit of the segregation data 
with the hypothesized 3:1 ratios for the marker products in different translocation geno-
types of F2:3 lines using the SigmaPlot 2001 software (SPSS Inc., Chicago, IL, USA). The 
linkage relationship between the EST-STS markers and 1BL/1RS translocated chromo-
some was determined using JoinMap 4 (Wageningen, Netherlands). In total, 398 F2:3 lines 
that were derived from MY11/CN17 (Table 1) were used to determine the linkage rela-
tionship using JoinMap 4 with an LOD threshold of 3.0. 
Results
In silico mapping
The genomic locations of the wheat ESTs that are associated with leaf senescence were 
determined in silico using BLASTN searches. The results (Table S1) demonstrate that 31 
(96.9%) of the 32 ESTs have homogeneous sequences in the publically available data, 
whereas only 1 (3.1%) does not have a homogeneous sequence (Luo et al. 2013). Among 
the 31 ESTs with homogeneous sequences, 11 were assigned to a unique chromosome; 
7 were assigned to multiple chromosomes, where JK738986, which encodes a putative 
leaf senescence-associated protein, has a homogeneous sequence on every chromosome; 
7 were assigned to a chloroplast; 5 were assigned to a ribosome; and only 1 was assigned 
to a mitochondrion (Table S1). 
Polymorphism of the ESTs between stay-green and non-stay-green cultivars
We only developed 19 pairs of EST-STS primers according to the sequences of 19 of 32 
ESTs that were associated with leaf senescence because the other EST sequences were 
too short to design primers (Table S1). The PCR amplification results indicate that every 
primer pair produces clear products (Table S1), which suggests that the primers work 
notably well. Further analysis finds that the primers of 5 ESTs (JK738991, JK738983, 
JK738989, JK738994, and JK739003) produce polymorphisms between stay-green and 
non-stay-green wheat genotypes (Fig. 1 and Table S1). In addition, the products of the 
polymorphic markers were identical in three stay-green genotypes CN12, CN17, and 
CN18 (Fig. 1).
Chromosomal location of the polymorphic EST-STS markers
Further study of 5 polymorphic markers using Chinese Spring nullisomic-tetrasomic 
lines indicates that 3 ESTs were located on specific chromosomes (Table S1). JK738991, 
which was assigned to 1A using in silico mapping, was localized to chromosome 3B, 
whereas JK38983, which was assigned to multiple chromosomes such as 6A, 6B, and 6D, 
was localized to the unique chromosome 5D. In contrast, JK738989, which was assigned 
to the unique chromosome 2B using in silico mapping, produces three products, 
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JK738989-A, JK738989-B, and JK738989-C, which were located at 2A, 4A, and 3D, 
respectively. The other polymorphic ESTs (JK738994 and JK739003), which were as-
signed to chromosomes 2A and 2B and a ribosome, could not be located on any specific 
chromosome using the Chinese Spring nullisomic-tetrasomic lines. 
Independent assortment of JK738994, JK739003, and the 1BL/1RS  
translocated chromosome
There are polymorphisms in both JK738994 and JK739003 between stay-green and non-
stay-green genotypes, but the chromosomal location was not determined using the nulli-
somic-tetrasomic lines. These results indicate that these ESTs may be on the 1BL/1RS 
translocated chromosome as a rye genomic component. A linkage analysis among 
JK738994, JK739003, and the 1BL/1RS translocated chromosome using the F2:3 lines 
that were derived from MY11/CN17 was performed, and the results (Fig. S1 and Table 1) 
indicate that JK738994, JK739003, and the 1BL/1RS translocated chromosome assort 
independently of one another. Moreover, the three different products (JK739003-A, 
JK739003-B, and JK739003-C) that were produced by the identical primers of JK739003 
are not linked to each other in separate populations (Table 1). In addition, almost all prod-
Figure 1. Polymorphic analysis of ESTs associated with leaf senescence among wheat stay-green genotypes 
(CN12, CN17, and CN18) with 1BL/1RS translocated chromosome and wheat non-stay-green genotypes 
(MY11, and CS) without the translocated chromosome. CS: Chinese Spring; a: the primer derived from 
JK738994; b: the primer derived from JK738989; c: the primer derived from JK739003
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ucts except JK739003-A exhibit a 3-fold existence: 1 null ratio at P = 0.05 level in the 
separating populations, although JK739003-A has a distorted separation in the separating 
population at P = 0.04, which is almost 0.05 (Table 1). 
Discussion
As an important trait, leaf senescence affects the yield and biomass accumulation of ag-
ronomic crops (Guo and Gan 2014), and significant progression in the understanding of 
leaf senescence has enabled the improvement of wheat yield by manipulating the onset or 
progression of leaf senescence (Luo et al. 2013). The genetic variability of the duration of 
leaf senescence during grain filling positively affects wheat grain yields (Bogard et al. 
2011). Delaying leaf senescence, which is also called stay-green, has practically been 
achieved in wheat breeding; three stay-green wheat cultivars were developed and re-
leased in 2003 by the wheat-breeding group led by Z.L. Ren at Sichuan Agricultural 
University and have been widely cultivated in Southwestern China because of their high 
yield (Ren et al. 2003). 
The availability of ESTs that are associated with leaf senescence in CN17 is useful to 
improve the wheat yield (Luo et al. 2013). To make these ESTs maneuverable in wheat 
breeding using MAS, determining the chromosomal location is notably important. In this 
study, 31 of 32 ESTs that were related to leaf senescence were assigned to different 
genomic or chromosomal locations based on an in silico homology analysis (Table S1). 
We further determined the chromosomal location of 5 polymorphic ESTs (Table S1), and 
there were complete differences in the genomic and chromosomal locations using the 
Chinese Spring nullisomic-tetrasomic lines compared to those using in silico mapping. 
However, in the past, ESTs were believed to be conserved portions of expression genes, 
which are used as the theoretical basis for comparative genomics analyses (Liu et al. 
2012). This result warns plant breeders and researchers that the homology analysis and 
comparative genomics analysis results are not reliable.
The polymorphism of the ESTs between stay-green genotypes and the control shows a 
true difference in the DNA levels in the chromosomal region that produces the ESTs. In 
addition, the polymorphic ESTs and the corresponding polymorphic EST-STS markers 
are notably useful in wheat yield improvement using MAS. We previously identified 5 
polymorphic EST-STS markers among 19 EST-STS markers that were derived from 19 
ESTs (Table S1), which constitutes 26.3% polymorphic ESTs. This result indicates a low 
false positive rate in the ESTs when SSH methods are used (Diatchenko et al. 1996) be-
cause these ESTs were detected using an SSH cDNA library (Luo et al. 2013). In addition, 
the five ESTs, JK738991, JK738983, JK738989, JK738994, and JK739003, exhibit poly-
morphisms between the stay-green genotypes and the control (Fig. 1 and Table S1), which 
indicates that there are differences in the chromosomal region, which possibly has a great-
er contribution in delaying the leaf senescence during the grain-filling stage; therefore, 
EST-STSs perhaps play an important role in wheat breeding using MAS.
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The EST JK738994 was assigned in silico to chromosomes 2A and 2B (Table S1), 
whereas its true chromosomal location was not determined using the Chinese Spring 
nullisomic-tetrasomic lines (Table S1). Although the detailed chromosomal location re-
mains unknown, the fact that JK738994 took on a 3 dominant/1 recessive (χ2 = 1.03 and 
P = 0.31) ratio as a Mendelian genetic factor in the separating population (Table 1) sug-
gests that this EST is located in a nuclear genomic DNA instead of a cytoplasmic genom-
ic DNA. The EST JK739003 was assigned in silico to a ribosome, and its specific location 
was not determined using the Chinese Spring nullisomic-tetrasomic lines (Table S1). 
Both products (JK739003-B, and JK739003-C) consistently exhibit the genetic rule of a 
single Mendelian factor in the separating population (Table 1), and the P value for 
JK739003-A separation is 0.04, or nearly 0.05. This result strongly suggests that JK739003 
is located on nuclear genomic DNA instead of cytoplasmic genomic DNA.
We were interested in JK738994 and JK739003 because they were not located on a 
specific chromosome using the Chinese Spring nullisomic-tetrasomic lines; therefore, 
they may be on the 1BL/RS translocated chromosome or the notably small chromosomal 
segments that were integrated into the wheat genome using cryptic translocation. How-
ever, further linkage analysis of JK738994, JK739003-A, JK739003-B, and JK739003-C 
show that these ESTs assort independently of one another (Table 1), which excludes the 
possibility that all of them are on the 1BL/RS translocated chromosome. Therefore, we 
accept the potential possibility that most of them are separately located on the putative 
rye-derived chromosome segment in the nuclear genome of the stay-green genotypes. 
Comprehensively, the results suggest that plant breeders should use more caution 
when they use the information from homology analyses and comparative genomics and 
that the polymorphic EST-STS markers are more useful during wheat breeding with 
MAS. Therefore, we will further determine the chromosomal location of both JK738994 
and JK739003 and elucidate the relationship between the polymorphic EST-STS markers 
and the stay-green phenotype. 
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Electronic Supplementary Table S1. Chromosomal assignment of EST associated with leaf senescence using 
both in silico and Chinese Spring nullisomic-tetrasomic methods
 
Electronic Supplemenary Figure S1. Linkage analysis of polymorphic amplicons with wheat-rye 1BL/1RS 
translocated chromosome in the F2 population
CN12, CN17, and CN18 are wheat stay-green genotypes with 1BL/1RS translocated chromosome, whereas CS 
(Chinese Spring) and MY11 are wheat non-stay-green genotypes without the translocated chromosome. a 
denotes the primer derived from JK738994; b denotes the primer derived from JK739003; 1, 8, 10, 12, 13, 15, 
20, 21, 22, 24, and 27 for F2 individuals with homozygotes of wheat chromosome 1B; 2, 3, 4, 5, 6, 7, 11, 14, 
16, 17, 18, and 25 for F2 individuals with heterozygotes of wheat chromosome 1B and wheat-rye translocated 
chromosome 1BL/1RS; 9, 19, 23, 26, and 28 for F2 individuals with homozygotes with wheat-rye translocated 
chromosome 1BL/1RS.
